Thin films of Se 35 Te 65−x Ge x (x = 0, 3, 6, 9, 12) nanoparticles were synthesized using thermal evaporation method. They were characterized by X-ray diffraction (XRD), scanning electron microscope (SEM), and absorption and transmission spectra. XRD results show that these films are of amorphous nature, while SEM images show nanoparticles with average particle size around 30 nm. No significant changes are observed in morphology of the deposited films by changing concentrations of Te and Ge. The optical behaviors of these films have been studied using the absorption and transmission spectra in the spectral region 400-1100 nm. The absorption, extinction coefficients and refractive index were obtained and investigated in more detail. The optical band gap (E g ) values were also determined and are found to decrease from 0.83 to 0.69 eV by increasing the concentration of Ge from 0 to 12. The transmission spectra for the thin films of Se 35 Te 65−x Ge x nanoparticles show strong absorption at wavelength less than 500 nm and become highly transparent at wavelength above 800 nm. No significant changes in the transmission spectra are observed by increasing concentration of Ge. These results might be useful for development of optical disks and other semiconducting devices based on these nanochalcogenides.
Introduction
In recent years, there has been considerable interest to prepare a variety of nanochalcogenide materials for various applications such as nanomemory devices, nanoelectronic devices, and optical memory devices. The quantum efficiency of chalcogenide materials is high due to the direct band gap. The use of thin film chalcogenides semiconductors has attracted much interest in an expanding variety of applications in various devices. Studies on nanochalcogenides are still at the beginning, and, accordingly, overall features have not been discovered, therefore, there is a lot of scope for the studying these materials in nanometric scale.
Several studies were focused on producing different nanostructures of different amorphous alloys/crystalline materials and study their properties. For example Shi et al. [1] have studied the structural evaluation of mechanically alloyed nanocrystalline FeAl intermetallics, Zakeri et al. [2] have synthesized Bi 2 Te 3 nanocrystalline materials by using mechanical alloying, Rafea et al. [3] have studied the structural and optical properties of nanosized Zn 0.5 Cd 0.5 S thin films prepared by dip-coating methods, Yang et al. [4] have performed controlled synthesis and characterization of ZnSe nanostructures by using solvothermal approach in a mixed solution, Tripathi et al. [5] have studied the optical properties of Se-Te nanostructured thin films grown by thermal evaporation, and Kotkata et al. [6] have synthesized CdS nanoparticles. The work on temperature and capping dependence of NIR emission from PbS nanomicrocrystallites with different morphologies by Pendyala and Rao [7] , synthesis of Ag 2 S and Ag 2 Se nanoparticles in self-assembled block copolymer micelles and nanoarrays fabrication by Anthony [8] , characterization of Bi 2 S 3 nanorods and nanostructured flowers prepared by hydrothermal methods by Phuruangrat et al. [9] , synthesis of nano-Cd x Zn 1−x S by precipitate-hydrothermal methods and their photocatalytic activities by Zu et al. [10] , preparation and properties of nanoamorphous organic and in-organic particles by Senna and Nakayama [11] , influence of heat treatment and gamma rays irradiation on the structural and optical characterization of nanocrystalline cobalt phthalocyanine thin films by El-Nahass et al. [12] , fabrication of nanocrystalline silicon thin film at low temperature by using a neutral beam deposition method by Kang et al. [13] , and analysis of amorphous-nano crystalline multilayer structures by optical, photodeflection, and photocurrent spectroscopy by Gracin et al. [14] are also worth mentioning.
The studies on preparation and characterization of nanocrystalline thin films are also available in the literature by various workers [15] [16] [17] [18] [19] [20] . Keeping in view the scope of nanostructure materials, we have communicated several reports [21] [22] [23] [24] on synthesis and characterization of nanochalcogenides in both amorphous and crystalline forms by different techniques. Therefore, preparation and characterization of nano-chalcogenide materials are extremely important for application in devices. This work reports on thin films of Se 35 Te 65−x Ge x (x = 0, 3, 6, 9, 12) nanoparticles synthesized using thermal evaporation method. They were characterized by X-ray diffraction (XRD), scanning electron microscope (SEM) and absorption and transmission spectra and investigated in more detail.
Experiment
Glassy alloy of Se 35 Te 65−x Ge x (x = 0, 3, 6, 9, 12) is prepared by melt-quenching technique. Materials of 99.999% purity are sealed in quartz ampoules (length 12 cm, internal diameter 0.8 cm) with a vacuum of about 10 −6 torr. The sealed ampoules are kept inside a furnace where the temperature is raised slowly (5 K·min −1 ) to 900
• C. The ampoules are rocked frequently for 10 h at the maximum temperature to make the melt homogeneous. After rocking, the alloys were quenched in ice water.
Nanoparticles of Se 35 Te 65−x Ge x were fabricated using physical vapour condensation method. In this method, the starting material is glassy alloys of Se 35 Te 65−x Ge x in powder form prepared using the above-mentioned technique. Initially, a small quantity of glassy alloy is kept in a molybdenum boat, and the chamber is evacuated to a vacuum of the order of 10 −6 torr. After reaching this vacuum level, the argon gas is purged inside the chamber. The pressure of the gas is kept constant at 6 torr. The glassy alloy is then evaporated in presence of ambient argon gas atmosphere in the chamber to get the nanostructures. The substrate is cooled with liquid nitrogen, and this evaporated material is deposited on a glass substrate pasted on this cooled substrate. It is worth mentioning here that the nanostructures of glassy alloy are deposited onto cooled substrate, which implies that the material is further quenched at low temperature. This makes the present system completely amorphous. The thickness of the films is measured by using a quartz crystal monitor Edward model FTM 7. The thickness is fixed at 30 nm for all the films. This value was confirmed by measuring thickness of the deposited films using the surface profiler AS 500 Tencor Alpha-Step. Angle (2θ) Figure 1 : XRD pattern of as-prepared amorphous alloy of Se 35 Te 65−x Ge x nanoparticle films.
The as-synthesized samples were characterized by X-ray diffraction, using an Ultima-IV (Rigaku, Japan) diffractometer with Cu Kα radiation, while the morphology of these nanostructures is studied by scanning electron microscope (SEM) using Quanta, FEI. The chemical compositions of the deposited films were measured by the energy dispersive spectroscopy (EDS) technique using EDAX, Ametec.
The optical absorption and transmission of thin films of glassy alloy of Se 35 Te 65−x Ge x (x = 0, 3, 6, 9, 12) have been measured by a UV-visible computerized spectrophotometer (model "UV-1650PC", Shimadzu, Japan) in the wavelength region 400-1100 nm. Here, we have kept the samples (films) and reference (glass substrate) in the chamber to neutralize the absorption of glass. The absorption has been measured in terms of optical density. The optical absorption and transmission are measured as a function of incidence photon energy.
Results and Discussion
XRD patterns of the as-prepared amorphous alloy of Se 35 Te 65−x Ge x (x = 0, 3, 6, 9, 12) nanoparticles are presented in Figure 1 . There are no significant peaks observed for any of the samples. It is clear that the alloys show an amorphous nature. As we mentioned above, the substrate is cooled with liquid nitrogen and the evaporated material is deposited on a glass substrate pasted on this cooled substrate. This implies that the material is further quenched at low temperature, which makes the present system completely amorphous. It is reported that if the substrate temperature is high (∼363 K), then the resulting deposited material has a polycrystalline phase [15] .
Scanning electron microscopy (SEM) images for the assynthesized thin films of Se 35 Te 65−x Ge x nanoparticles are Journal of Nanomaterials The EDS results show that the deposited films have compositions close to those of the bulk materials. This figure shows clearly the decrease in Te and increase in Ge concentrations. Figure 5 shows variation of absorption coefficient (α) with incident photon energy (hν) for thin films of Se 35 Te 65−x Ge x nanoparticles. The value of the absorption coefficient has been calculated using the relation
where OD is the optical density measured at a given layer thickness t. It is observed that the value of absorption coefficient increases linearly with the increase in photon energy for all the samples of Se 35 Te 65−x Ge x nanoparticles, while it decreases with increasing Ge concentration. The calculated values for the absorption coefficient at wavelength λ = 800 nm (hν = 1.54 eV) are given in Table 1 . In the absorption process, a photon of known energy excites an electron from a lower to a higher energy state, corresponding to absorption edge. In chalcogenide glasses, a typical absorption edge can be broadly ascribed to one of the three processes: (i) residual below-gap absorption, (ii) Urbach tails, and (iii) inter-band absorption. Chalcogenide glasses have been found to exhibit highly reproducible optical edges, which are relatively insensitive to preparation conditions, and only the observable absorption [25] with a gap under equilibrium conditions accounts for the first process. In amorphous materials a different type of optical absorption edge is observed and absorption coefficient increases exponentially with the photon energy near the energy gap. These observations are clearly seen in the present Se 35 Te 65−x Ge x system ( Figure 5 ), and this type of behavior has also been observed in other chalcogenides [26] . This optical absorption edge is known as the Urbach edge and is given by
where A is a constant of the order of unity and ν 0 is the constant corresponding to the lowest excitonic frequency. The uncertainty in E g is ± 0.01 eV.
for Se 35 Te 65−x Ge x films is in the range of around 10 4 cm −1 , which is consistent with the result of other workers [27] .
The optical behavior of materials is important to determine their usage particularly in optoelectronic devices. The value of the extinction coefficient is calculated using the relation
The calculated values of extinction coefficient (k) for Se 35 Te 65−x Ge x nanoparticles thin films at wavelength λ = 800 nm (hν = 1.54 eV) are given in Table 1 and their variation with photon energy is shown in Figure 6 . The values of k are observed to decrease at lower photon energy, but beyond 1 eV they exponentially increases. However, these values were significantly decreased by increasing Ge concentration in Se 35 Te 65−x Ge x nanoparticle films.
The present system of Se 35 Te 65−x Ge x nanoparticles obeys the rule of indirect transition, and the relation between the optical gap, optical absorption coefficient, and the energy hν of the incident photon is given by [3, 16] (αhν) Figure 7 shows the variation of (αhν) 1/2 with photon energy (hν) for the thin films of Se 35 Te 65−x Ge x nanoparticles. The value of indirect optical band gap (E g ) is calculated by taking the intercept on the x-axis. The calculated values of E g are given in Table 1 . It is clear from this table that there is a small change in value of the optical band gap by increasing Ge concentration in this system. The value of E g at x = 0 is 0.83 eV, while it decreased to 0.69 eV at x = 12. These values are comparable with those of Ge 10 Se 90−x Te x (x = 0, 10, 20, 30, 40, 50) alloys presented by Sharma and Katyal [15] , particularly that of Ge 10 Se 40 Te 50 , which has a composition close to some of our samples (Se 35 Te 56 Ge 9 and Se 35 Te 53 Ge 12 ). Since the optical absorption depends on short-range order in the amorphous states and defects associated with it, the decrease in optical band gap may be explained on the basis of "density of state model" proposed by Mott and Davis [28] . According to this model, the width of the localized states near the mobility edges depends on the degree of disorder and defects present in the amorphous structure. In particular, it is known that unsaturated bonds together with some saturated bonds are produced as the result of an insufficient number of atoms deposited in the amorphous film [29] . The unsaturated bonds are responsible for the formation of some of the defects in the films, producing localized/defect states in the amorphous solids. In the present system, that is, Se 35 Te 65−x Ge x , the atomic radius of Ge is smaller than that of Te; therefore, it is expected that the number of unsaturated bonds will be increased by increasing concentration of Ge and decreasing that of Te. The presence Journal of Nanomaterials of high concentration of localized/defect states in the band structure is responsible for the decrease in optical band gap on increasing the Ge concentration in these amorphous films of Se 35 Te 65−x Ge x nanoparticles. This decrease in optical band gap may also be due to the shift in the Fermi level whose position is determined by the distribution of electrons over the localized states [30] . The samples with higher values of x, which are found to have smaller band gap values, become closer to conductors. This might be the reason for a formation of shiny particles by increasing concentration of Ge, particularly that of x = 12 (Se 35 Te 53 Ge 12 ). It is understood that while taking SEM image for insulators or semiconductors, we use to apply a very thin layer of gold on the material to obtain high-resolution images and shiny particles. But for conducting materials, the measurement can be taken directly without a layer of gold. This might be the reason for getting shiny particles in our films that have higher concentrations of Ge. Figure 8 shows transmission spectra for thin films of Se 35 Te 65−x Ge x nanoparticles. Optical transmission is a very complex function and strongly depends on absorption coefficient [31] . The spectrum can be divided into four different regions according to their transmission intensities [32] . In the transparent spectral (T) region of the film the value of α is almost ≈0, while at the weak absorption (W) the value of α is increased and at medium absorption (M) and strong absorption (S) regions this value is dominating. This variation in the transmission was reported to be determined by the refractive indexes of both the deposited film (n) and that of the substrate (s) [33] . The substrate is several-ordersof-magnitude thicker than the deposited film and has a refractive index s = 1.51. If the thickness is uniform, interference effect gives rise to an oscillating spectrum as shown in Figure 8 . In the transparent spectral region of the film "α ≈ 0" the transmission is determined by n and s through multiple reflections. In the transparent region transmission fringe minima T m can be used to calculate the refractive index of the film which is given by
where
If there are insufficient fringes in the transparent region, one may have to resort to using fringes from the region of weak and medium absorption, where α ∼ 0. Both extremes, T M and T m , are used to determine the film refractive index (n), and then M in (5) is given by
This optical characterization method is used to determine value of the refractive index of Se 35 Te 65−x Ge x films. This value is found to be 2.41 for Se 35 Te 65 (x = 0), while it increases by increasing the concentration of Ge to be 2.87 at x = 12. The refractive index values were tabulated in Table 1 . These values are comparable with those reported in similar compositions [34] . This increase in values of the refractive index of Se 35 Te 65−x Ge x films might be attributed to the increased disorder in the structure [33] . Since the deposited films in this experiment have entirely amorphous structures as could be seen in the XRD results (Figure 1 ), further addition of impurities into the host is expected to increase disorder of the material. This might have increased values of the refractive index. Other groups have signed this Journal of Nanomaterials increase to the change in stoichiometry [35] and internal strain [36] of the glassy alloy with large incorporation of the impurity content. From the application point of view, controlling the chalcogenide properties by changing the chemical composition at the nanoscale level might have great advantage for several applications. The present films of Se 35 Te 65−x Ge x nanoparticles have showed interesting structural and optical properties. They remain in amorphous phase and could form uniform nanoparticles; moreover, introducing Ge into the host of this system at the nanoscale level has showed significant changes in value of the band gap and increasing values of the refractive index. These results might be useful for applications like optical recording media, xerography and electrographic applications, infrared spectroscopy, and laser fiber. Moreover, their transparency in the infrared above 800 nm and their high refractive index are good indicators for integrated optics and detection in the mid-and thermalinfrared spectral domain.
Conclusion
Thin films of Se 35 Te 65−x Ge x (x = 0, 3, 6, 9, 12) nanoparticles were synthesized using thermal evaporation method. These films were found to be of amorphous nature as revealed from XRD result, while SEM images show nanoparticles with average particle sizes around 30 nm. No significant changes are observed on morphology of the deposited films by changing the concentrations of Te and Ge. The optical band gap (E g ) values were determined and are found to decrease by increasing the concentration of Ge. The absorption, extinction coefficients, and refractive index were also obtained. The transmission spectra for the thin films of Se 35 Te 65−x Ge x nanoparticle show strong absorption at wavelength less than 500 nm and become highly transparent at wavelength above 800 nm. No significant changes are observed in intensity of the spectra by increasing concentration of Ge. These results might be useful for development of optical disks and other semiconducting devices based on these nanoparticle films.
